Gag orchestrates the assembly and release of human immunodeficiency virus type 1 (HIV-1) particles. We explored here the potential of anti-Gag RNA aptamers to inhibit HIV-1 replication. In vitro, RNA aptamers raised against an HIV-1 Gag protein, lacking the N-terminal myristate and the C-terminal p6 (DP6-Gag), could bind to matrix protein (MA), nucleocapsid protein (NC), or entire DP6-Gag protein. Upon cotransfection with pNL4-3.Luc molecular clone into 293T cells, six of the aptamers caused mild inhibition (2-to 3-fold) in the extracellular capsid levels, and one aptamer displayed 20-fold inhibition. The reduction was not due to a release defect but reflected Gag mRNA levels. We hypothesized that the aptamers influence genomic RNA levels via perturbation of specific Gag-genomic RNA interactions. Binding studies revealed that the "NC-binders" specifically compete with the packaging signal () of HIV-1 for binding to DP6-Gag. Therefore, we tested the ability of two NC-binders to inhibit viruses containing -region deletions (⌬SL1 or ⌬SL3) and found that the NC-binders were no longer able to inhibit Gag synthesis. The inability of these aptamers to inhibit -deleted viruses correlated with the absence of competition with the corresponding transcripts lacking SL1 or SL3 for binding DP6-Gag in vitro. These results indicate that the NC-binding aptamers disrupt Gag-genomic RNA interaction and negatively affect genomic RNA transcription, processing, or stability. Our results reveal an essential interaction between HIV-1 Gag and the -region that may be distinct from that which occurs during the encapsidation of genomic RNA. Thus, anti-Gag aptamers can be an effective tool to perturb Gag-genomic RNA interactions.
Gag polyprotein, a major structural protein of human immunodeficiency virus type 1 (HIV-1), is synthesized in the cytoplasm of infected cells and is the only protein that is necessary and sufficient for the formation of noninfectious viruslike particles (VLPs) (20, 39, 45) . Gag is modified cotranslationally by an N-terminal myristate that aids in its trafficking to the plasma membrane of the infected cell, where it assembles by multimerization. During or soon after budding, the viral protease (PR) is activated and cleaves Gag into its component proteins: matrix protein (MA), capsid protein (CA), nucleocapsid protein (NC), the late domain (p6), and two small, spacer peptides, SP1 and SP2 (see Fig. 1A ). This process, termed maturation, leads to virion core condensation and also makes the particles infectious (22, 32) . The various domains of Gag play specific roles in the life cycle of HIV-1 and mutations in any of them lead to defects in particle assembly and/or loss of infectivity. The MA domain includes an N-terminal myristate and a patch of basic amino acid residues, both of which facilitate binding of Gag to the plasma membrane (46) . The CA domain plays critical roles in Gag multimerization and participates in the formation of the mature viral core. CA consists of two distinct domains, an N-terminal domain (NTD) and a C-terminal domain (CTD) separated by a flexible linker (3, 18, 19, 21) . The CTD contains the major homology domain (MHR), a highly conserved stretch of 20 amino acids present in all retroviruses (45) , that promotes Gag-Gag interactions. NC is a small, basic protein that contains two conserved zincfinger motifs, which play a critical role in the specific recognition and subsequent encapsidation of the unspliced viral genomic RNA into the virion particles (2) . During early events, the NC protein functions as a nucleic acid chaperone and enhances the efficiency of reverse transcription (15, 26, 36, 42) . The late domain, p6, contains the PTAP and LYPX n L motifs, which interact with components of the cellular ESCRT machinery and facilitate virus release (10) .
While a preventive vaccine for AIDS does not appear to be on the horizon, conventional drug-based therapies such as highly active antiretroviral therapy (HAART) have been successful in suppressing HIV replication. Despite its success, HAART is also associated with a multitude of side effects due to toxicity. Nonadherence to therapy and the consequent emergence of drug-resistant viruses frequently hamper effective treatment. Furthermore, since the latently infected, long lived memory CD4 ϩ T cells cannot be eliminated, therapy must continue for dozens of years, making it difficult to sustain high costs. Therefore, newer, more effective forms of antiretroviral therapy are required. Gene therapy-based approaches are attractive due to the promise of one-time treatment making them cost-effective and have immense potential as adjuvant therapy, along with HAART. RNA-based anti-HIV molecules that have been demonstrated to be effective in inhibiting HIV-1 replication include ribozymes, antisense RNAs, RNA decoys, and aptamers (27, 33, 37, 40) .
Aptamers are single-stranded nucleic acid molecules that bind with high affinity and specificity to their target. They can be raised against any target of interest by SELEX (i.e., selective enrichment of ligands by exponential enrichment), an in vitro molecular evolution technique (12, 43) . Aptamers have numerous advantages over conventional drugs because of their high specificity to their target, and lack of toxicity or immunogenicity. Aptamers have been raised against numerous HIV-1 proteins, including reverse transcriptase (RT), Rev, Tat, integrase, gp120, Gag, and NC (for a review, see reference 25). Aptamers have shown immense promise in controlling HIV-1 replication as we and others, have shown that anti-RT RNA aptamers inhibit HIV replication (6, 27) . Such aptamers, when stably expressed in Jurkat T cells, strongly inhibited the replication of multiple subtypes of HIV-1 and drug-resistant isolates. We subsequently demonstrated that while both aptamers against HIV-1 RT and shRNAs directed to HIV-1 genome produced a comparable level of inhibition at a lower multiplicity of infection, only the aptamers retained potency in inhibiting HIV-1 replication when challenged at higher multiplicities (28) . While aptamers have been raised against Gag and several of its component proteins, none of them have been tested for efficacy in inhibiting HIV-1 replication (30, 34, 35) .
We describe here RNA aptamers against the HIV-1 Gag protein and their in vitro characterization. Although some of the aptamers, in addition to binding a Gag protein lacking p6 (DP6-Gag), specifically recognized either the purified MA or NC proteins in vitro, the binding of the remainder could not be mapped to specific subdomains of Gag. We also tested the potency of anti-Gag aptamers to inhibit HIV-1 replication and found that 7 of our 11 aptamers caused a reduction in extracellular p24 levels. We demonstrate that the anti-Gag aptamers mediate their antiviral effects by lowering the levels of viral genomic RNA in producer cells. Furthermore, we show that the anti-NC aptamers compete with the ⌿-packaging signal for binding to DP6-Gag in vitro. Our data indicate that the perturbation of Gag-genomic RNA interaction that occurs at ⌿ or other sites along the genome leads to the inhibition of HIV-1 genomic RNA levels, thus affecting the levels of intracellular Gag protein.
MATERIALS AND METHODS
Purified proteins. The DP6-, 8N-, and ⌬16-99 Gag proteins and the CA-NC protein were purified as described previously (4, 5, 8, 9) . The nonmyristoylated HIV-1 matrix (MA) and capsid (CA) proteins were provided by Michael Summers and Wesley Sundquist, respectively. The HIV-1 nucleocapsid (HIV-1 MN p7) protein was provided by Robert Gorelick through the NIH AIDS Research and Reference Reagent Program.
Preparation of the RNA library. The single-stranded DNA library was synthesized in the Ellington laboratory using standard phosphoramidite chemistry and a phosphoramidite molar ratio of 1.5:1.5:1.0:1.2 (dA/dC/dG/dT). The library comprised of random sequences 100 nucleotides long, with an overall complexity of ϳ10 14 . Each DNA had the sequence 5Ј-GGACAGCAAGCGTACATCTA-N 100 -TGCTAGCCTGAAGTCATACG-3Ј, where N is any nucleotide, and the flanking sequences are specific constant regions required for in vitro transcription and cloning. The DNA was transcribed into RNA by using the Ampliscribe T7 high-yield transcription kit (Epicenter Biotechnologies). To perform RNA selections, ϳ660 pmol of the DP6-Gag protein was incubated with equimolar quantities of the RNA library in binding buffer (20 mM Tris-HCl [pH 7.4], 250 mM NaCl, 5 mM MgCl 2 , and 100 M Tris(2-carboxyethyl)phosphine [TCEP]) for 15 min at 37°C, after which the reaction was filtered through HAWP nitrocellulose filters (Millipore, Bedford, MA). RNA bound to the nitrocellulose was eluted into 7 M urea, after which it was ethanol precipitated, and the pellet was resuspended in sterile water. The recovered RNA was reverse transcribed by using a Superscript III cDNA synthesis kit (Invitrogen), and the cDNA was used as a template for the synthesis of the second round of the RNA pool. A second round of selection was performed using this new pool, and the procedure was repeated several times until a significant enhancement of binding to DP6 was observed. With increasing rounds of selections, the ratio of RNA to protein was increased to improve the stringency of selections. A negative selection was performed after every third round in order to eliminate filter-binding RNA species. Binding assays were performed after every four rounds of selection to monitor the progress of selection.
Binding assays and determination of dissociation constants. Radiolabeled aptamer RNAs, obtained via in vitro transcription of 100 ng of DNA template, were internally labeled using [␣- 32 P]UTP (Perkin-Elmer) by using the Ampliscribe T7 high-yield transcription kit (Epicenter Biotechnologies). Transcribed RNAs (140 nucleotides in length) were gel purified from 7.5% polyacrylamide-7 M urea gel into 0.3 M sodium acetate, 0.1% sodium dodecyl sulfate (SDS), and 1 mM EDTA by incubation at 37°C overnight. The radiolabeled RNAs were precipitated and resuspended in sterile water. Gag binding assays were performed in the binding buffer described above. Selections were performed in "high-salt" conditions (250 mM NaCl) in order to maintain the proteins in solution, as well as to allow for a stringent selection. Binding assays with purified nucleocapsid protein were also performed under high-salt (250 mM NaCl, 5 mM MgCl 2 ) conditions as described previously (14, 16) . Prior to their use in binding assays, aptamer RNAs were unfolded at 70°C for 5 min in binding buffer and refolded by incubation on ice for 10 to 15 min. When necessary, yeast tRNA was used in the reactions to eliminate nonspecific binding. Radiolabeled aptamers (10 nM) were added to the protein (0 to 1,000 nM), followed by incubation at 37°C for 15 min, after which the reaction was filtered through two filters: a nitrocellulose filter to trap the protein (and any RNA bound to it) and a nylon filter to capture any unbound RNA. The percentage of aptamers bound to the protein was quantitated by using a PhosphorImager (Molecular Dynamics) and was used to determine the dissociation constants (K d ) of the aptamer-protein interaction using the sigmoidal dose-response equation in Prism.
Plasmid construction. The various anti-Gag aptamers were expressed under the control of the cytomegalovirus (CMV) promoter by using the RNA expression plasmid, pSilencer 4.1-CMV-Puro (Ambion). In order to minimize misfolding, the aptamers needed to be expressed in cells without extraneous flanking sequences. This was achieved by placing hammerhead ribozymes flanking the aptamer sequences as described previously (1, 27) . The pSilencer-HIV-1-⌿ plasmid that expresses the HIV-1-⌿ (SL1 to SL4) flanked by the ribozymes was constructed in a similar manner.
Cells, transfections, and infections. The pNL4-3.Luc.R-EϪ molecular clone is envelope deficient, and its nef gene was replaced with the gene encoding firefly luciferase (7, 23 ; NIH AIDS Research and Reference Reagent program). The HIV-Luc reporter viruses were pseudotyped with the vesicular stomatitis virus envelope (VSV-G) from the plasmid pVSV-G (Clontech). Cotransfections of 293T cells were carried out with Lipofectamine 2000 (Invitrogen) using 1.5 g each of pNL4-3.Luc.R-EϪ and pVSV-G and 7.5 g of the various pSilenceraptamer plasmids. Transfection efficiency was monitored in two ways. First, all transfections included the plasmid peGFP, resulting in green fluorescence as an indicator of transfection efficiency. Second, the producer cells were lysed, and their luciferase activity (from pNL4-3.Luc.R-EϪ transfection) was measured. The transfection efficiencies measured by both of these methods were found to be ϳ90%. Viruses released into the supernatant were harvested 48 h posttransfection, centrifuged at 3,000 rpm for 15 min at 4°C, and filtered through 0.45-m-pore-size filters, after which the virion-associated CA (p24) levels were measured by using an HIV-1 p24 antigen capture assay kit (Advanced BioScience Laboratories, Inc.) according to the manufacturer's instructions. Virus release efficiency was calculated as 100 ϫ (virus-associated p24/total p24), where total p24 is the sum of the virus-associated and the cell-associated p24 values. For infection experiments, virus supernatants, normalized for p24 levels, were used to infect 293T cells. The cells were harvested 48 h postinfection and lysed in reporter lysis buffer (Promega), and their luciferase activity was measured.
Generation of pNL4-3.Luc.⌬SL mutants. The pNL4-3.Luc.⌬SL1 and pNL4-3.Luc.⌬SL3 plasmids, which lack the SL1 (nucleotides 697 to 731 in pNL4-3) or SL3 (nucleotides 766 to 779 in pNL4-3) stem-loops in their ⌿-packaging signals, respectively, were generated as follows. The AatII-SpeI fragment of pNL4-3.Luc, which spans the entire ⌿-region of HIV-1 (SL1 to SL4), was subcloned into pUC19 to generate pUC19-⌿. The SL1 or SL3 stem-loops in pUC19-⌿ were then removed by using a QuikChange site-directed mutagenesis kit (Stratagene). Upon confirming the deletions by sequencing, the AatII-SpeI fragment was recloned into pNL4-3.Luc to generate pNL4-3.Luc.⌬SL1 or pNL4-3.Luc.⌬SL3.
Northern blot analysis of cellular RNA. Total RNA was extracted from 293T cells 48 h posttransfection using TRIzol reagent (Invitrogen). A portion (10 g) of the extracted RNA was electrophoresed on a 7.5% polyacrylamide-7 M urea gel and transferred to Hybond nylon membranes. The transferred RNA was UV-cross-linked and probed for the presence of aptamers using antisense DNA oligonucleotides end labeled with [␥- 32 P]ATP that recognizes a region common to all aptamers. Hybridization was performed using Ultrahyb hybridization buffer (Applied Biosystems) according to the manufacturer's instructions.
Western blot analysis. After 48 h of transfection, 293T cells were harvested, and total protein was extracted by using radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% Triton X-100, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride). These lysates were also used to determine intracellular Gag levels (as measured by the intracellular p24 levels) using a p24-capture enzyme-linked immunosorbent assay (ELISA) as described above. For the analysis of viral proteins, purified viruses (normalized by their p24 values) were pelleted in 30% polyethylene glycol at 4°C and resuspended in RIPA lysis buffer. The extracted proteins were run on a 12% SDS-polyacrylamide gel, transferred to nitrocellulose membranes, and probed for the presence of viral proteins using anti-HIV-1 immunoglobulin G (NIH AIDS Research and Reference Reagent Program).
Real-time quantitative PCR analysis. Total RNA was extracted from producer cells at 48 h posttransfection by using RNeasy (Qiagen) and converted to cDNA using the SuperScript III first-strand synthesis system for real-time PCR (RT-PCR; Invitrogen). The cDNA was subjected to RT-PCR by using an Applied Biosystems 7300 Fast Real-Time PCR system. Primer pairs were designed against the antiviral interferon-stimulated genes (ISGs)-OAS2 (2Ј,5Ј-oligoadenylate synthetase 2), PKR (protein kinase R), and MxA (myxovirus resistance A) (31, 38, 41, 44) , as well as HIV-1 Gag-and their relative changes were compared to that of the housekeeping gene (GAPDH) by using a Maxima SYBR green qPCR Master Mix (2ϫ; Fermentas).
In vitro competition assays. To perform competition assays, DP6-Gag protein was incubated with a mixture of radiolabeled aptamer (10 nM) and unlabeled competitor RNAs (250 nM). The reaction was incubated at 37°C for 30 min, after which they were filtered, and the total binding of the aptamer to the protein was quantitated as described above. DNA templates (with a T7 promoter) encoding the competitor RNAs were amplified by PCR from either pNL4-3, pNL4-3.Luc.⌬SL1, or pNL4-3.Luc.⌬SL3, using primers specific for these regions. The amplified PCR product was gel purified, after which they were used as templates for in vitro transcription. The transcribed RNAs were purified, refolded, and used as competitors in the binding reaction.
RESULTS

Selection of aptamers against HIV-1 Gag protein.
In order to generate aptamers that bind specifically to the Gag protein via SELEX, the protein must exist in its native folded conformation. Wild-type HIV-1 Gag protein has poor solubility and is prone to proteolysis in bacterial systems. These problems were previously overcome by the expression of a truncated form of Gag lacking p6 and the N-terminal myristate (DP6-Gag) (4). After 16 rounds of selections performed against DP6-Gag, there was a significant increase in the total binding of the round 16 (R16) RNA pools (ϳ90%) compared to that of the round zero (R0) pool (ϳ25%) ( Fig. 1D ; SELEX progression [see Fig. S1 in the supplemental material]). A total of 44 clones from the DP6-R16 RNA pools were sequenced, and sequences with Ͻ5% variation were grouped into sequence families; the topmost sequence was used as a representative member for binding and efficacy studies. The aptamers were named "DP6-x," where x refers to the clone from which the aptamer was sequenced. Eleven unique aptamers were isolated with one sequence (DP6-1) making up nearly half of the pool (24/44) and, hence, was the largest family of aptamers. Several smaller families of aptamers (DP6-5, DP6-7, DP6-32, and DP6-19) were also enriched, along with six individual aptamers (DP6-12, DP6-10, DP6-21, DP6-22, DP6-42, and DP6-44) (see Fig. S2 in the supplemental material) . The dissociation constants (K d ) of binding of the aptamers to DP6-Gag ranged from approximately 80 to 200 nM (Table. 1) .
Anti-DP6-Gag aptamers bind preferentially to MA, NC, or both. In binding assays with recombinant, purified MA, CA, or NC proteins, the R16 pool bound preferentially to MA (ϳ45%) compared to the R0 pool (ϳ10%) (Fig. 1E, gray bars) . The R16 pool also bound, to some extent, to NC (Fig. 1E, open  bars) ; however, the specific binding to the R16 pool over the R0 pool was masked by the inherent ability of the NC protein to bind RNA, giving rise to a high level of binding to the R0 pool even in the presence of a 5-fold molar excess of yeast tRNA in the reaction. Aptamers that recognized the CA domain were not observed (data not shown).
To determine binding specificity of individual aptamers to MA, CA, NC, or DP6-Gag, binding assays were performed with each of the aptamers and the various purified proteins. Aptamers DP6-1, DP6-12, DP6-21, and DP6-42 bound to MA, and this interaction was retained even in the presence of excess yeast tRNA in the binding reaction, indicating their specificity ( Fig. 2A) . However, aptamer DP6-1 had a unique specificity to MA, as seen by its inability to bind to either NC (Fig. 2B) or a fusion protein, CA-NC (see Fig. S3 in the supplemental material). All 11 anti-Gag aptamers could bind to the NC protein nonspecifically, presumably via the two zinc-finger domains and/or the basic residues, in the absence of yeast tRNA (a nonspecific RNA) in the reaction (data not shown). However, only aptamers DP6-19 and DP6-12 specifically bound to the NC protein in the presence of 5-fold (Fig. 2B ) or 30-fold (see Fig. S4 in the supplemental material) molar excess of yeast tRNA in the reaction, indicating that their binding to NC was specific. It is worth noting that DP6-12 was unique in that it had bivalent specificity: MA and NC. The binding of anti-Gag aptamers to these two domains is consistent with the fact that these two represent the most basic regions on the Gag polyprotein.
The N-terminal region of MA is important for the aptamerbinding ability of HIV-1 Gag. To further characterize the binding of the aptamers, we used two Gag proteins that had mutations at their N termini (Fig. 1C) . In 8N-Gag, eight of the basic amino acid residues at the N terminus of MA have been replaced with asparagines (46), whereas ⌬16-99 Gag has a large deletion in the globular domain of MA (13) . The aptamers bound with various affinities to the two mutant Gag proteins (Table 1) . Binding of the three MA-specific aptamers-DP6-1, DP6-21, and DP6-42-to the two mutant Gag proteins was completely abrogated, indicating that these aptamers require the N terminus of MA for binding. However, binding of DP6-12 (MA and NC-binder) and DP6-19 (NC-binder) to the two mutant Gag proteins was minimally affected, with only about 2-to 2.5-fold reduction in binding affinity for 8N-Gag. In some cases (e.g., DP6-10 or DP6-44), deletions near the N terminus of MA appeared to minimally increase binding (Ͻ2-fold) to ⌬16-99 Gag compared to DP6-Gag. In general, both VOL. 85, 2011 ANTI-Gag RNA APTAMERS INHIBIT HIV-1 PRODUCTION8N-Gag and ⌬16-99-Gag proteins bound poorly to the MAspecific aptamers compared to the DP6-Gag protein, and this result is in agreement with studies done by others on MA mutants with mutations at their N termini that have impaired RNA binding (35) . Anti-HIV-1 Gag aptamers affect extracellular virion levels, but not their infectivity. We then tested whether intracellular expression of these anti-Gag aptamers would interfere with the assembly and release of virus particles. 293T cells were cotransfected with pNL4-3.Luc (pVSV-G), along with the various pSilencer plasmids, and virus-associated p24-levels were measured at 48 h posttransfection. We observed a wide range of effects on the levels of extracellular virus with our 11 antiGag aptamers, reflected in p24-levels that ranged from 5 to 120% that of the empty vector control (MCS). Cotransfections of pNL4-3.Luc/VSV-G with pSilencer plasmids that expressed aptamers DP6-1, -5, -7, -32, -19, and -22 resulted in an inhibition in the range of 2-to 5-fold compared to MCS (Fig. 3A) . The most significant inhibition was observed with DP6-12, which resulted in a 20-fold inhibition of virus production, an effect that is comparable to that seen with an shRNA against the Tat/Rev region of HIV-1. It is interesting that DP6-12 is also bivalent in terms of its in vitro binding specificity. Among the aptamers that did not result in any inhibition upon cotransfection (DP6-10, -21, -42, and -44), DP6-42 consistently resulted in a 2.5-fold enhancement of virus production.
Northern blot analysis of total RNA from producer cells, showed that all 11 aptamers were being processed properly by the ribozymes (see Fig. S5A in the supplemental material). Upon normalizing aptamer expression levels to the levels of cellular 5S-rRNA, we observed that the aptamer expression levels varied only by ca. 10% (the fully processed aptamers varied by 5.3%, partially processed aptamers by 2.2%, unprocessed aptamers by 10.6%, and total aptamers by 9.7%) and, therefore, the variation in virus production could not be attributed to differential expression of aptamers. A Western blot analysis of the viruses released and those of the producer cell lysates indicated minor processing defects with aptamers DP6-5, -32, -19, -12, and -22. However, there was no major effect of the aptamers on the processing of the viral proteins by the protease (see Fig. S5B and S5C in the supplemental material; see below). Infecting 293T cells with viruses produced in the presence of aptamers, after normalizing for the input p24, showed no significant effect (Fig. 3B) .
Anti-Gag aptamers do not affect virus release but downregulate intracellular Gag protein and Gag mRNA levels. We wanted to understand whether the reduction in extracellular virion levels brought about by aptamers is due to a release defect or simply a reflection of intracellular Gag levels. Therefore, we also determined the levels of intracellular Gag and calculated the virus release efficiency. We observed a reduction in the levels of intracellular Gag protein similar to that seen for extracellular p24 levels, both by ELISA and in the Western blots, of producer cell lysates (see Fig. S5C in the supplemental material). The virus release efficiencies for all of the aptamers were comparable to that of the control plasmid pMCS (Fig.  3C) , indicating that the efficacious aptamers do not directly interfere with steps affecting virus release.
We then compared the levels of total Gag protein (the sum of intracellular Gag and virus-associated p24) to the intracellular Gag mRNA levels ( Fig. 4A and B) . When the fold change in the Gag mRNA levels was plotted as a function of the total Gag protein levels, we observed that the levels of viral RNA 5 ng) , and the luciferase activity was determined at 48 h postinfection. MCS refers to the empty-vector control that does not express any aptamers, and shRNA refers to the plasmid expressing an shRNA against the Tat/Rev region of the HIV-1 genome. (C) Release efficiencies of the viruses in the presence of the aptamers were calculated as the percentage of extracellular p24 (data from Fig. 3A ) over the total (sum of extracellular and intracellular p24), i.e., the virus release efficiency ϭ 100 ϫ (virus-associated p24/total p24).
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were directly proportional to the total Gag protein levels ( Fig.  4C ; P Ͻ 0.0001, R 2 ϭ 0.84). However, this was not a global effect of the aptamers on all cellular RNAs, since the levels of GAPDH mRNA remained unaffected (data not shown).
The presence of structured RNAs in the cytoplasm of infected cells may cause a nonspecific induction of interferons, which is likely to lead to an antiviral effect. To exclude this possibility, we analyzed changes in the levels of ISGs-OAS2, PKR, and MxA-in producer cells but did not observe any significant induction in their levels (see Fig. S6 in the supplemental material). Similar results were also obtained when we used the replication-competent clone pNL4-3, indicating that the aptamers could exert their inhibitory effect even in the context of wild-type virus (data not shown).
NC-specific aptamers compete with the ⌿-packaging signal of HIV-1 for binding to DP6-Gag in vitro. The binding of the aptamers to the Gag protein in vivo could perturb the interactions of the latter with the viral genomic RNA. The roles of ⌿-packaging signal in HIV-1 genomic RNA are well characterized. The ⌿-packaging signal consists of four major stemloops: SL1 (major dimer initiation site), SL2 (splice donor), SL3 (minimal packaging signal), and SL4 (has the Gag AUG) (11) (Fig. 5A) . To test whether NC-specific aptamers compete with the ⌿ site for binding to the Gag polyprotein, we performed an in vitro competition assay where a mixture of radiolabeled-aptamer RNA and unlabeled competitor RNA (RNA transcripts encoding the ⌿-region of HIV-1) was added to DP6-Gag protein. The ability of the aptamer to compete for binding with the ⌿-packaging signal would be reflected by the amount of radiolabeled aptamer bound to the protein. For the in vitro competition assays, we selected four aptamers that had different binding specificities in vitro and had moderate to severe effects on virus production (see Fig. 3A and Table 1 ): the NC-binder DP6-19, the MA and NC-binder DP6-12, and the Gag binders-DP6-7 and DP6-32. We observed that the two NC-binders, DP6-19 and DP6-12, competed with HIV-1 ⌿ for binding to DP6-Gag, as indicated by the strong reduction in total binding (ϳ60% of no-competitor control), whereas DP6-7 and -32 could not (Fig. 5B) . To probe the importance of the various stem-loops of HIV-1 ⌿, we performed competition assays using HIV-1 ⌿-RNA transcripts lacking either SL1 or SL3. Upon deletion of either stem-loop, we observed that these RNAs could no longer compete with the NC-specific aptamers for binding to DP6-Gag (Fig. 5B) . The binding of aptamers DP6-7 and DP6-32 to DP6-Gag remained refractory to the presence of wild-type HIV-1 ⌿-RNA, or those lacking SL1 or SL3 stem-loops, indicating that these aptamers may perturb Gag interaction with another part of the HIV genome.
An exogenous RNA-transcript that encodes the ⌿-packaging signal of HIV-1 inhibits virus production. Since the two NC-specific aptamers, DP6-19 and DP6-12, could compete for binding with the ⌿-packaging signal of HIV-1 in vitro, it is likely that when expressed intracellularly, these aptamers compete with the viral genomic RNA for binding to Gag, eventually resulting in an inhibition of virus production. Hence, their presence in the cytoplasm along with the viral genomic RNA in transfected cells might exert a "dominant-negative-like" effect for interaction with the Gag protein. This would imply that the overexpression of ⌿-sequences in the producer cells could also parallel this effect. To test this hypothesis, we cloned the ⌿-packaging signal of HIV-1 (SL1 to SL4) into pSilencer4.1-CMV-Puro to create pSilencer-HIV-1-⌿. We cotransfected the latter plasmid along with pNL4-3.Luc (pVSV-G) into 293T cells and examined its effect on virus production. Interestingly, expression of HIV-1 ⌿ as an exogenous transcript resulted in a significant inhibition to virus production. The reduction in the levels of virus-associated p24 levels was comparable to that observed with the most efficacious aptamer, DP6-12 (Fig. 5C ). There was also a concomitant reduction in the levels of the Gag mRNA (similar to that observed with the efficacious aptamers) in cells transfected with pSilencer-HIV-1-⌿ (Fig.  5D ). This result suggested the possibility that HIV-1 ⌿, as well as the NC-specific aptamers, could perturb specific interactions between the Gag protein and the viral RNA, which eventually results in an inhibition of virus production. The SL1 and SL3 stem-loops are essential for the antiviral effects mediated by the NC-specific aptamers. To further understand the role played by the ⌿-packaging signal in aptamermediated inhibition of virus production, we deleted the SL1 or SL3 stem-loops in pNL4-3.Luc to generate pNL4-3.Luc.⌬SL1 and pNL4-3.Luc.⌬SL3, respectively (Fig. 5A) . We cotransfected pNL4-3.Luc.⌬SL1 or pNL4-3.Luc.⌬SL3 (pVSV-G) along with one of the four pSilencer plasmids encoding the chosen aptamers (DP6-7, -32, -19, and -12 ) and studied the effect of the deletions on virus production. The most striking effect of the deletions was observed in the case of the two NC-specific aptamers, DP6-19 and DP6-12. In the absence of either stem-loop, neither aptamer could inhibit virus production, as reflected by the rescue of virus-associated p24 levels in the culture supernatant ( Fig. 5E and F) . The virus-associated p24 levels in these cases were comparable (or increased in the case of ⌬SL3 and DP6-19) to that of the MCS. Consistent with the in vitro competition data (Fig. 5B) , the deletion of the stem-loops had no effect on the efficacies of aptamers DP6-7 and -32, indicating that these aptamers mediated their antiviral effects via interaction with other parts of Gag mRNA.
The strong correlation (P Ͻ 0.0001) between the total p24 levels and Gag mRNA in the producer cells observed with pNL4-3.Luc (Fig. 4C ) was also lost upon deletion of SL1 or SL3 (data not shown). As with pNL4-3.Luc, the aptamers did not interfere with the release efficiencies of the viruses produced in the absence of SL1 or SL3 (data not shown). These results, taken together, suggest that the two NC-specific aptamers inhibit virus production by disrupting interactions of the Gag protein with the viral mRNA and the ⌿-packaging signal is critical to mediate this inhibition.
DISCUSSION
In this study, we have raised RNA aptamers against near full-length Gag protein of HIV-1, characterized their interaction with Gag in vitro, and tested their efficacy in blocking HIV replication in cultured cells. Previous reports on aptamers against the Gag protein have used glutathione S-transferase fusion proteins or purified component proteins of Gag (29, 34, 35) . Thus, the final folded structure of the protein during selections in vitro are likely to be different and consequently affect the types of aptamers obtained. We performed RNA selections against an untagged form of the Gag protein, DP6-Gag (Fig. 1B) . The dissociation constants (K d ) for binding of the aptamers to DP6-Gag ranged from approximately 80 to 200 nM (Table 1) . We acknowledge the fact that aptamers raised by previous groups displayed much lower K d s than the ones we have isolated (30, 34) . However, there are significant differences between our selection conditions and the ones reported earlier. First, we raised the aptamers against a form of protein (DP6-Gag) whose assembly properties closely resembles that of the wild-type Gag protein (4). Second, our target protein had no affinity tags that might otherwise interfere with protein folding or RNA selections. Third, our RNA library is composed of longer sequences (100N versus 50N or 70N) , which allows for a greater complexity in both structures and motifs in the RNA pools used for selections and provide greater surface area for interaction with Gag. However, despite the differences between our results and those obtained by Lochrie et al. (34) , both sets of aptamers recognized the Gag or its MA and NC domains. The affinity of the aptamer RNAs to either the MA or NC domains is probably due to the presence of basic patches of amino acid residues in these two proteins, which share a feature of binding to nucleic acids.
It has also been reported that aptamers that bind to HIV-1 MA contain an RNA sequence that is highly homologous to the pol open reading frame in the HIV-1 genome (35) . However, the MA-specific aptamers we identified lacked this or any other consensus sequence. It is known that HIV-1 NC binds with high affinity to DNA (or RNA) sequences which have a composition of d(TG) n (16, 17) . Although NC binds many different sequence motifs, the examination of the NC-specific aptamers did not reveal them. It is likely that the aptamers contain a unique, novel sequence or fold, which promotes NC binding. The only aptamers that included these sequence motifs (TGTGT or GTGTG) were DP6-21 and DP6-44, neither of which was NC specific or efficacious.
To our knowledge, this is the first report of anti-HIV-1 Gag aptamers mediating a significant inhibition of HIV-1 replication. Although Kim and Jeong have demonstrated inhibition of HIV-1 genomic RNA encapsidation upon the expression of anti-NC aptamers (29) , the effect of the intracellularly expressed aptamer on HIV-1 production has not been studied. We believe that the enhanced inhibition to HIV-1 production (20-fold) that we observed with at least one of the anti-DP6-Gag aptamers is a combination of two major factors. First, to minimize misfolding of the aptamers due to the flanking sequences, we placed hammerhead ribozymes on each side of the aptamer. It is important to note that the ribozymes per se do not have any antiviral effect, as shown previously. With such constructs, we have previously demonstrated the ability of anti-RT aptamers to inhibit HIV-1 replication (27) . Second, the longer aptamers (100N) could potentially access a larger surface of the protein. For instance, DP6-12 could recognize both MA and NC domains in vitro. This could be important because the ability of DP6-12 to interact with both the element and a different region of viral mRNA simultaneously could enhance the overall affinity of the aptamer to Gag.
Upon cotransfection of the anti-DP6-Gag aptamers along with pNL4-3.Luc, while the aptamers led up to 20-fold inhibition to virus production, there was no significant effect on the infectivity of the released viruses. One possible explanation for this result is that the infectivity readout represents viruses released by cells that did not receive the pSilencer plasmid and, hence, were fully infectious. It is also possible that these aptamers only interfered with late events of the viral life cycle. The roles played by certain Gag component proteins, such as MA, in early events are believed to be redundant. For instance, it has been shown that the nuclear localization signal (NLS) of Vpr could facilitate the nuclear entry of preintegration complexes (PICs) in the absence of a functional NLS in MA (24) . So, other viral proteins could override the functions of Gag and mask the effect of the aptamer during entry. A schematic summary of the various interactions made by the aptamers with the Gag protein is in Fig. 6 .
Our results suggest the intriguing possibility that the aptamer interaction with Gag disrupts interactions between Gag protein and its mRNA, specifically those with the , which leads to negative regulation of Gag mRNA metabolism (tran-scription, processing, or stability). This interaction could be either the same interaction that must occur in the process of encapsidation of viral genomic RNA by Gag protein or a distinct interaction that occurs well before the assembly begins. Although our results do not distinguish between these two possibilities, we speculate that these two are one and the same interaction. Although our data suggest that the NC-binding aptamers likely compete with ⌿ for binding to Gag, it is interesting that the virus particles produced retain infectivity. The presence of cells that received HIV-Luc DNA but did not receive the aptamer may only provide partial explanation for this. Another explanation could be that encapsidation of the RNA genome requires Gag interaction with other determinants on the RNA for which the aptamers cannot compete. These questions remain currently unanswered.
Although the role of ⌿ element in this interaction appears to be important, it may not be the only region on Gag involved in enhancing mRNA stability by interaction. For example, the inhibition by certain aptamers (e.g., DP6-7 and DP6-32) could not be explained by the competition with the ⌿ element of viral genomic RNA. In fact, we do not know what part of Gag polyprotein interacts with these aptamers. Similarly, the most frequently appearing sequence among the aptamers obtained from DP6-Gag selections, DP6-1, also seemed to be independent of ⌿ interaction for its mild efficacy (data not shown). Nevertheless, all efficacious aptamers appeared to reduce viral RNA levels concomitantly with the reduction in Gag protein. It appears that these aptamers (DP6-7, DP6-32, etc.) interfere with the Gag-mRNA interactions at regions other than . It is also likely that some of the aptamers affect other aspects of late events. For example, aptamers DP6-32 and -12 had significant levels of reduction in virus release efficiency (ca. 25%) and appeared to cause minor processing defects (DP6-5, -32, -19, -12, and -22). It remains to be seen whether these defects can be enhanced by ensuring high-level aptamer expression using stable cell-lines. The basis for the absence of effect by some of the aptamers is not understood and did not correlate with their K d s. In fact, some of them even increase the amount of Gag protein and Gag mRNA consistently. It is possible that these aptamers either become unfolded in vivo or have other issues that compromise their inhibitory ability.
In summary, we demonstrate that aptamers raised against the Gag polyprotein of HIV-1 can potently inhibit virus production and, hence, have the potential as anti-HIV gene-therapeutic agents. Hematopoietic stem cell (HSC)-based gene therapy, where HSCs are engineered to express anti-HIV molecules, is one of the rapidly developing fields in the treatment of AIDS. The long-term stable expression of RNA aptamers in HSCs and the development of methods to optimize the repopulation of human bone marrow with such genetically modified HSC is an area of active investigation that will pave the way for future clinical testing of such anti-HIV aptamers for in vivo efficacy.
